Abstract: Thick photoresist coating for electrode patterning in anisotropically etched v-grooves is investigated. The photoresist coverage is compared with and without soft baking. Two-step exposure is applied for a complete exposure and minimizing the resolution loss.
Introduction
Photonic Crystal Fibers (PCFs) have attracted significant interest in the past decade due to their unique optical properties and higher degree of design freedom than conventional optical fibers [1] . The presence of air holes in PCFs gives the possibility to infuse them with liquid materials, allowing the fabrication of tunable all-in-fiber devices based on index-guiding [2, 3] or bandgap-guiding [4] [5] [6] [7] [8] [9] [10] . Since Liquid Crystals (LCs) have larger electrooptic effect than other high-index liquids, electrically driven Liquid Crystal filled Photonic BandGap (LCPBG) fiber devices for switching [5] , tunable wave plates [6] or as long-period grating [9] with millisecond response time have been demonstrated. Recently, the first electrically controlled LCPBG fiber polarimeter working in the wavelength range 1300nm-1700nm has also been developed [10] . The electrode patterning of this device was achieved by using electrodeposition of Eagle 2100 ED photoresist on top of the gold layer with subsequent UV lithography, development, gold and titanium etch, and photoresist stripping.
The main advantage of electrodeposition coating is the conformal photoresist layer being independent of the geometry of the non-planar features [11] . However, this coating method requires more complicated setup and process handling, and the coating bath should be checked and maintained frequently in order to get a reproducible process. Therefore, we experimentally investigate the possibility of using thick photoresist AZ4562 spin coating for electrode patterning of this device, which is more convenient and lower cost than electrodeposition. The photoresist coverage of the obtuse top corners in anisotropically etched v-grooves is compared with and without soft baking. Two-step exposure is applied to give a complete exposure and minimizing the loss of resolution. The electrode patterning formed by this method can be widely used for the non-planar features, especially LCPBG fiber devices. The cross section of the device is illustrated in Fig. 1(a) . A LCPBG fiber is mounted between two v-grooves fabricated in a silicon substrate by standard UV lithography and KOH wet etching techniques. 200nm gold electrodes are deposited on the side walls of the grooves, forming a set of electrodes, which fixes the fiber at four orthogonal corners relative to the core. The electrodes are electrically isolated from the silicon substrate by a thermal oxide layer with the thickness of 2μm, and a 10nm titanium layer is used as an adhesion layer between the gold layer and the oxide. The assembly is sealed with epoxy. In order to ensure an orthogonal set of the electrodes, the width of the groove is D/1.414=88.4, where D is the outer diameter of the fiber (D=125μm). The depth and length of the groove is 45μm and 20mm, respectively. Instead of using electrodeposition photoresist, a positive photoresist AZ 4562 is chosen for our experiments. This photoresist can produce photoresist layers with thickness between 5 and 300μm, depending on the spinning speed [12] . For standard spinning coating, the photoresist tends to be very thin at the convex corners (top) while simultaneously very thick at the concave corners (bottom), as here the liquid film withdraws itself due to surface tension. Therefore, a sufficient corner coverage requires the photoresist on flat surfaces to be much thicker. In our cases, we spun 10μm AZ 4562 on the wafers. Since the coverage problems are also caused by reflow of photoresist during soft baking, we compare the coating profile with and without soft baking. Figure 1(b) shows the coating result with 5 minutes soft baking at 100°C, and Fig. 1(c) shows the coating result being dried for 20 hours without soft baking. The thickness of the photoresist layer at these corners in Fig. 1(b) is only half of that in Fig. 1(c) . Thus, the wafers used for exposure are all processed with drying instead of soft baking. This treatment not only keeps a better photoresist coverage of the obtuse top corners, but also removes excess solvents which would affect both exposure and development. The exposure is done in a mask aligner using proximity mode. Pattern resolution limitation is determined by a combination of two effects: first, the photoresist thickness at the obtuse top corners is less than elsewhere, which leads to a decrease in the photoresist pattern resolution due to the higher exposure dose. Second, Fresnel diffraction occurs due to the distance between the mask and the photoresist, especially at the bottom of the v-grooves. According to the relation given in [13] , a minimum photolithographic resolution of 6.7μm should be achievable in the 45μm v-grooves using the light with the wavelength of 365nm. In order to make a complete exposure and minimize the loss of resolution, two-step exposure is applied, which follows the process steps: exposure, development, exposure and development. Figure 2(a)-(c) show the photoresist profile after the development of 5minutes. The exposure time in these three cases is 100s (a), 2x40s (b) and 2x50s (c). The width of the v-grooves from mask design is 40μm. In Fig. 2(a) , the photoresist is not exposed completely in 100s, and 7.73μm of unexposed photoresist layer stays at the v-groove bottom. In Fig. 2(b) and 2(c) , the photoresist is completely exposed in the total exposure time of 80s and 100s with the pattern transfer resolution of 7.73μm and 12.73μm, respectively.
Experiments
After exposure and development, the gold layer uncovered with AZ4562 photoresist is removed using KI/I 2 solution. The titanium layer uncovered with gold is etched by cold RCA-1 solution (H 2 O 2 +NH 4 OH+H 2 O). Figure  2(d)-(f) show the gold and titanium etching results corresponding to the three cases shown in Fig. 2(a)-(c) . It is obviously to see that the gold layer with 100s exposure still exists due to the residual photoresist film. For 2x40s exposure, most of the gold layer underneath the exposed photoresist has been removed, but not completely. These unexpected gold connections will disturb the electric field distribution when AC signal is applied to LCPBG fiber. For 2x50s exposure, the gold layer underneath the exposed photoresist has been etched completely, and the compensation of 12.73μm resolution loss has to be taken into account in mask design.
Conclusions
Here, we experimentally demonstrate the possibility of using thick photoresist AZ4562 spin coating for electrode patterning in anisotropically etched v-grooves for electrically controlled LCPBG fiber devices, which is more convenient and lower cost than electrodeposition. The treatment of drying instead of soft baking after photoresist spin coating, a double thick photoresist coverage of the obtuse top corners is found, comparing to the coverage with 5 minutes soft baking at 100°C. With two-step exposure of 2x50s exposure time, a complete exposure is achieved, and the loss of resolution is 12.73μm according to the design width of 40μm.
